A broad review is given of microstructured fiber optics components -light guides, image guides, multicapillary arrays, and photonic crystal fibers -fabricated using the stack-and-draw method from various in-house synthesized oxide soft glasses at the Glass Department of the Institute of Electronic Materials Technology (ITME). The discussion covers fundamental aspects of stack-and-draw technology used at ITME, through design methods, soft glass material issues and parameters, to demonstration of representative examples of fabricated structures and an experimental characterization of their optical properties and results obtained in typical applications. Specifically, demonstrators include microstructured image guides providing resolution of up to 16000 pixels sized up to 20 µm in diameter, and various photonic crystal fibers (PCFs): index-guiding regular lattice air-hole PCFs, hollow core photonic bandgap PCFs, or specialty PCFs like highly birefringent microstructured fibers or highly nonlinear fibers for supercontinuum generation. The presented content is put into context of previous work in the area reported by the group of authors, as well as other research teams.
Introduction
The Glass Department at the Institute of Electronic Materials Technology (ITME) has been involved in research and development of structured fiber optics elements for optoelectronics for the past two decades. Specifically, the classes of components, which can be developed at ITME with presently disposed fabrication capabilities and expertise include: fiber optic lightguides, image guides, fiber optic plates (FOP), lenses, tapers, twisters, multicapillary arrays, photonic crystal fibers (PCF), photonic bandgap fibers (PBG), microstructured fibers with special properties (active photonic fibers, sensing fibers, highly nonlinear fibers). All these elements, due to their particular properties, play significant roles in optoelectronics. Some of them are widely used in the optical devices: fiber optic plates, twisters, tapers -night vision, electronic image intensifiers (EII), low light level cameras and similar; fiber optic lightguides -biostimulation lasers, dental curing lamps; image guides -medical and technical borescopes; multicapillary arrays -filtration, nebulization, particle and X-ray optics. PCF and PBG fibers are now intensively investigated. They demonstrate very interesting properties enabling to overcome the limitations of conventional fibers. For example: endlessly single mode guiding, large core single mode fibers, guidance in hollow air core (due to photonic band gap effect, PBG), very high birefringance, nonlinear properties, flat dispersion and near-zero dispersion, high χ (3) nonlinearity for ultra-broadband radiation sources (supercontinuum). The main advantage of photonic fibers is the possibility of shaping the propagation properties by manipulating parameters of the fiber's transverse structure -diameter of holes or inclusions, lattice pitch, type of lattice, shape of holes. Some types of photonic crystal fibers are produced and commercially available and these include mainly silica glass based PCFs or PBGs. Various compositions of soft glasses, combining hyperspectral transmission windows with high nonlinearity or thermal and rheological properties enabling joint thermal processing into all-solid microstructured fiber optics enable demonstrating new structures covering new functionalities. All these components can be readily fabricated with the stack-and-draw (mosaic) method, provided good quality, recrystallization resistant glasses are used for preparing the starting elements (e.g. glass rods and tubes). Stack-and-draw at ITME was first used for fabrication of optic plates (FOP) in the '80, followed by fabrication of various specialty fibers e.g. for sensing [1, 2] .
Stack and draw fabrication of microstructured fiber optics
The main concept of the stack-and-draw (mosaic) method is preparing a macroscopic element of a fiber optic element (i.e. fiber) by stacking glass rods (different shapesquare, rectangular, round etc.), tubes, capillaries (different shapes), lightguide rods (different shapes) according to a predefined design. The obtained preform can be then drawn into microstructured integrated rods and finally into optical fibers (Fig. 1 ). The procedure of drawing stacked preform can be repeated until desired structure and dimensions of basic elements (diameters of fibers core, holes etc.) are achieved. The stack and draw procedure of microstructured optical elements (fibers) fabrication consists of a number of consecutive steps [2] :
1. melting of glasses -core, cladding, active, absorption glasses, 2. casting long rectangular prisms and thick-wall tubes, 3. cutting the glass blocks into rods (square, rectangular or round-shaped), 4. mechanical grinding and polishing of rods and tubes, 5. high temperature drawing of the rods, tubes, and stacked rod-in-tube preforms to standard dimensions of the mosaic elements, 6. assembling (stacking) of a preform of the designed structure, which may contain rods, capillaries and other elements. The preform can be assembled of elements of different dimensions and different refractive/mechanical/thermal properties. It can be arranged in a periodic lattice (PCF, image guide) or other structures (laser fibers, sensor fibers) as shown schematically in Fig. 2,  7 . high temperature drawing of the stacked preform to obtain microstructured glass rod or optical fiber, 8. covering the fiber with a protective jacket (e.g. high index polymer for stripping of cladding modes in an optical fiber).
Fiber optic microstructures designed and fabricated at ITME are drawn mainly from multicomponent, soft glasses. Most of these glasses are designed and synthesized in-house. Multicomponent glasses enable broad flexibility in shaping of refractive index properties (n D = 1.48-1.85); thermal, mechanical, chemical properties; preparing active elements (rare earth ion doped phosphate, fluoride glasses), manufacturing elements of preforms (rods of different shape, tubes). An important enabler of owning the glass synthesis capability is thermal matching of glasses with different refractive index profiles. This allows for fabrication of special, all-solid glass photonic crystal fibers and fiber optic elements, briefly discussed in one of the following sections of this review. Fig. 2 . Schematic examples of different stacked fiber optic structures: a-e lightguide, sensor structures (A -core glass, B, B1, B2 -different property cladding glasses, H -hole) [2] ; f, g image guide structures (C -lightguide rods, E -EMA glass), h -photonic structure (A -core glass, H -hole)
Microstructured image guides
A fiber optic image guide is an arranged bundle of small diameter lightguides (2.5-50 µm). It allows to transmit image due its coherent structure and low attenuation of the individual fibers. The bundle is thermally integrated and preserves its coherence over the whole length. The smaller is the diameter of single individual fiber and greater their total number, the better is the guided image resolution. Figure 3 shows precision of transmitted image as a function of the resolution of the image guide structure. Depending on the transmission and structural parameters, the following fiber optic image guide structures can be distinguished:
1. Light guide rods -typically low resolution image guides with simpler technological procedure of fabrication, basic fibers with diameters of 100-200 µm, number of pixels 2000-3000, outer diameter 3-15 mm. Application in delivery of light, laser biostimulation devices, dental curing lamps. Fabrication -drawing from multirod preforms. 2. Image guide rods -medium and high resolution from 3000 to a several tens of thousands of pixels, basic fibers with diameter of 50-3 µm, outer diameter 0. • acceptance angle. To achieve such a large NA, special high index core glasses (n D = 1.85, contents of lanthanum, tantalum, niobium) are necessary. In the large high resolution structures (FOP, tapers, some image guides) two stages of multirod preform drawing are necessary to achieve required diameters of basic fiber elements (3-5 µm).
The dark colored glass details seen in Fig. 2f in the structure of the image guide is added to increase contrast of the guided image. In the image guides with very small basic fibers (below 10 µm) the contrast of image tends to decrease (Fig. 4) [3] . For enhancement of image contrast a third, black glass which absorbs leakage light (EMA glass) is introduced in the structure during the preform assembly stage. Figure 5 shows typical designs with introduced details made from contrast enhancing glass. All glasses -EMA, core, cladding must precisely match each other in terms of optical, thermal and rheological properties. Following criteria should be considered [4, 5] :
• refractive indices, • thermal expansion coefficients, • viscosity characteristic curves -thermal matching of glasses, • inclination to diffusion of EMA glass to cladding, • spectral transmission.
At ITME an EMA glass for contrast enhancement in integrated fiber optic image guides has been developed. It characterizes with low inclination to diffusion into glasses of the surrounding elements and it is well matched to core-clad glasses. These properties allow avoiding problems with appearance of dark and lower transmission pixels (Fig. 6) . No degradations of the image guide structure, related to introduction of the EMA details, has been observed. (Fig. 7) . Image guide with EMA glass details features better isolation of individual fiber cores, as seen in Fig. 7b . Enhancement of the image contrast has been confirmed by measurements of the Modulation Transfer Function (MTF).
In Fig. 8 a comparison of image guides MTF in dependence on EMA glass contents is presented. Increase of contrast in the range of 0-40 pl/mm for image guides with EMA glass has been observed. Table 1 summarizes properties of typical image guides manufactured at ITME. Table 1 Technical parameters of the image guides fabricated at ITME Outside diameter * 1.0-3.0 mm Length up to 750 mm resolution up to 16 000 pixels pixel diameter 10-20 µm Contrast * * 10 pl/mm 50% without EMA glass 45% 40 pl/mm 15% without EMA glass 12% Numerical aperture (NA) 0.52 Absorption glass up to 2% EMA glass; optionally Dark pixels max 2% thermal resistance up to 400 • C * Square or rectangular cross sections are possible, depending on particular application. * * Measurements of modulation transfer function (MTF) at ITME.
Photonic crystal fibers
Photonic crystal fibers (PCFs, also called microstructured fibers) are optical fibers with an internal periodic structure of capillaries, typically filled with air, arranged in a lattice, eg. a hexagonal lattice. Light can propagate along the fiber in defects of its crystal structure. A defect is realized by removing one or more central capillaries. Combining properties of classic, step-index optical fibers and photonic crystals they possess a series of unique properties impossible to achieve in classical fibers. There are two guiding mechanisms in PCF: index guiding mechanism (similar to the one in classical optical fibers) and the photonic bandgap mechanism. Stack and draw method enables designing and fabrication of a broad range of photonic crystal fibers. Preforms with different lattices -hexagonal, square, rectangular-and different ratio d/Λ can be considered. Presently, ITME can design and fabricate standard, as well as the more complicated microstructures (e.g. multicore, noncircular holes, different sizes of holes, and with additional different glass microfibers, laser fibers with air cladding). Photonic crystal fibers presented in the following section from various oxide soft glasses. Their attenuation is relatively high, in the range of several to about 15 dB/m. At this level, it is about 1000 times higher than in telecommunication silica fibers, but it is not disadvantageous for short lengths of fibers used, e.g. in sensors or active elements. The multicomponent soft glasses can accept much higher dopant concentrations and therefore the range of possible modifications of their optical and mechanical characteristics is much wider than in the case of silica glass. They also enable fabrication of more complicated microstructures due to e.g. joint thermal processing of a structure comprising two thermally matched glasses with a refractive index difference. Designing of photonic crystal fibers presented in this review was done at the Information Optics Group of Faculty of Physics at University of Warsaw. In the simulations a full vector method of biorthonormal basis, derived from the works of Silvestre et al. [6] [7] [8] , has been used, where a matrix representation of the vector wave equations is calculated on the basis of plane waves and an eigenvalue problem is solved for that matrix. The vector wave equations involve a pair of Hermitian-conjugate operators whose eigenvectors satisfy the bi-orthonormality relations.
Stack and draw fabrication of photonic crystal fibers.
Stack-and-draw fabrication of photonic crystal fibers consists typically of the following main stages:
1. Drawing of the basic preform elements: glass capillaries, rods, tubes - Fig. 10a . 2. Stacking of macroscopic mosaic preform according to the designed structure; at this stage the type of lattice, hole/spacing ratio, distribution of capillaries, rods, etc., is decided, introduction of special elements for specific properties (active, sensing, conductive, magnetostrictive, etc.) should also be done now - Fig. 10b . 3. Intermediate preform (subpreform) drawing. Structure of the subpreform resembles the designed photonic crystal fiber, but its geometric dimensions are at the order of several mm - Fig. 10c . 4. Arrangement of the preform for fiber drawing. Adding outer layers of glass to achieve designed dimensions of the fiber (photonic structure/fiber diameter ratio). 5. Drawing of photonic crystal fiber. At this stage parameters like air-holes diameter, relative air-hole size and fiber diameter can be influenced through the parameters of drawing process (temperature, preform feeding rate and drawing speeds) - Fig. 10d . Stages 2 and 5 are decisive on the resulting fiber optical properties and thus are usually considered most critical.
4.2.
Square and hexagonal lattice single core photonic crystal fibers. Single core PCF can be considered the simplest design of a microstructured fiber. Its structure consists of a solid core surrounded by periodic lattice of air-holes. Diameter of air-holes, lattice pitch and relative hole size (the ratio of holes diameter to lattice constant) decide about guiding properties of the fiber. A series of hexagonal and square lattice single core PCFs have been designed and successfully fabricated in our group. Schematic designs and images of the drawn subpreforms and final fibers are presented in Fig. 11 . It is notable how precisely the fiber and subpreform reproduce the design of the preform structure. The stage of preform stacking is very important for the whole technological process. At this phase it is possible to change the type of lattice core dimensions, the number of capillary rings around the core, the relative hole size etc. Parameters of the preform's basic elements and the way the preform is stacked, determines the final fiber's geometrical and transmission properties. For example, in hexagonal lattice fiber A in Fig. 11 , one central capillary has been replaced with a glass rod to form a core, in fiber B (Fig. 11) 7 central rods form the core of a Large Mode Area fiber (LMA). Fiber C in Fig. 11 has a square photonic lattice, which was selected to achieve new dispersion properties (in comparison to most popular, hexagonal lattices). In our technological process, the subpreforms typically are 2-4 mm in diameter. The standard diameter for an optical fibers is 125 µm, but different diamerters are possible to fabricate, in order to obtained the desired properties of the final fiber. The outer diameter of fiber C in Fig. 12 . Single mode transmission has been observed in the fibers B and C. Fiber A is multimode due a rather high relative hole size of 0.65. Attenuation of soft glass photonic crystal fibers can be in range from one to several dB/m and depends on the type of glass, its purity, type of photonic structure, its parameters and presence of defects. For example fiber A (Figs. 11, 12 ) had a measured attenuation about 15 dB/m at 632 nm. It seems high but it was close the attenuation of used glass, due to perfect photonic crystal structure obtained during drawing (the drawing process itself did not introduce additional loss). The fiber A in Fig. 11 and 12 was drawn from heavy metal, lead-bismuth-gallate oxide glass (designated PBG-08), which has a high refractive index (1.95) and strong nonlinear properties, while its transmission window extends from the visible up to about 4-5 µm. This fiber has been successfully used in developing of a liquid crystal PCF by the group of T. Woliński at Warsaw University of Technology [10] . The stack and draw method enables straightforward fabrication of multicore PCFs by replacing proper number of capillaries with glass rods. Furthermore, the procedure allows for very precise positioning of the cores in the structure. Dimensions of the cores and distances between them can vary in wide range by design [11] . Double core PCFs at ITME were investigated in context of controlling the light coupling between the cores. Possible applications are directional couplers, wavelength multiplexers/demultiplexers and bend sensors, for example [12] . Preform desing and cross sections of square lattice double core subpreforms and PCFs are presented in Fig. 13 .
Stack and draw fabrication of soft glass microstructured fiber optics
The photonic structure contain two solid cores formed by replacing of capillaries by glass rods. The cores were separated with one capillary. Figure 13 presents possibility to change inner hole diameter at the stage of subpreform drawing. Different inner diameters of the central capillary were investigated to achieve the effect of variable inter-core coupling [13] . A double-core PCF arranged in a square pattern lattice has been successfully drawn with outer diameter of 220 µm. Figure 14 shows the cross-sections of the final square lattice PCF with different lattice parameters as well as a hexagonal lattice double core PCF.
For the square lattice double-core PCF we determined linear optical properties of the fiber by numerical simulations assuming a perfect structure (no deformations). Only the fundamental mode can propagate in either of the cores. Pairs of polarization components are nearly degenerated for λ = 1.55 µm and their mode indices are equal to 1.5497 and 1.5462 for even and odd modes, respectively. It can be concluded that in the fabricated structure coupling lengths are almost equal for both orthogonal polarizations, as summarized in Table 2 . The coupling lengths were estimated at 221 µm. Only the fundamental mode without higher order components was also observed experimentally. The attenuation of the fabricated PCF was 15 dB/m for the wavelength of λ = 632 nm and 7 dB/m for λ = 1.55 µm [13] . 
Highly birefringent photonic crystal fibers.
High contrast of refractive index and high freedom of crystal structure modification allow to achieve in the PCF a birefringence in a level of 10 −2 -10 −3 . It is above one order of magnitude greater, than in classical (bow tie and panda type) birefringent optical fibers. So high level of birefringence is possible in the structures of elliptical holes and refractive index distribution with symmetry m = 2 (rectangular lattice) [14, 15] .
We have decided to manufacture such a fiber in form of rectangular lattice with elliptical or round holes. Choice of rectangular lattice is motivated by possibility of birefringence value increase by crystal lattice anisotropy and asymmetry of holes shape. A range of PCFs with rectangular 9×9 holes structure has been manufactured from silicate glass (n D = 1.52). Photonic structures of these fibers are presented in Fig. 15 . Lattice pitch in different axes is: Λ x = 2.89 µm, Λ y = 3.64 µm and round holes of 2.0 µm in diameter (Fig. 15a,b) . In other fibers the elliptical holes 0.57×1.2 µm have been achieved (Fig. 18c) . Dimensions of fiber are 134×200 µm. This structure predicts fiber witha high birefringence. Simulations of rectangular structure with the parameters Λ x = 1.24 µm, Λ y = 0.96 µm, l x = 1 µm, l y = 0.51 µm have shown birefringence B = 1.1 × 10 −2 and the fiber carries only the fundamental mode [15] . In Fig. 16 a different structure of highly birefringent PCF manufactured in ITME is presented. Birefringence is achieved here by different sizes of holes surrounding core and its rectangular shape. Modeling of highly birefringent photonic fibers and propagation properties have been presented in the paper nr 5950-58 on this Congress on Photonic Crystals and Fibers Conference [16] .
Photonic bandgap fibers.
One of the most interesting properties of photonic fibers is the possibility to build structures which can guide light in the core with lower refractive index (hollow or solid). Mechanism of propagation in this case is existence of a photonic band gap in a photonic crystal and possibility of light being trapped in the defect -hollow core (a few lattice constants in diameter). Since in a large core most of energy is transmitted in the air, all effects related to interaction between glass and light (Rayleigh scattering, dispersion, nonlinear effects) are strongly reduced. Such fibers are expected to achieve ultra-low transmission losses.
Hollow core PBG fibers. Microstructured PBG fibers with a square or hexagonal lattice (using a silicate glass with n D = 1.52) were developed at ITME with the objective to verify the possibility of achieving the PBG effect in a multicomponent glass photonic fiber and to check its guiding properties. Figure 17 shows the designed structures of the preforms, the cross section of the drawn subpreforms and the final fibers for square and hexagonal lattice hollow core fibers. In the structure of the square lattice PBG fiber a total of nine (3×3) capillaries were removed to achieve 11 µm hollow core in a 125 µm fiber. Fiber in Fig. 20b has a hexagonal lattice with a relatively large (31 µm) hollow core created by removal of 37 central capillaries. The fiber C is a double hollow core. Cores are separated by one hole structure. Each has 18 µm in diameter (in a 117 µm fiber) and were formed by removing of 19 for each core. All PBG fibers presented in Fig. 20 have very high relative air hole size (d/Λ) which is necessary for existence of a photonic bandgap. Figure 18 shows measured transmission spectrum of a square lattice PBG fiber shown in Fig. 17a . Obtained results revealed existence of a bandgap at about 1600-1700 nm (which was already close to the long-wavelength sensitivity limit of the OSA). We measured the transmission for several lengths of the fiber (Fig. 18 ). An increase of the bandgap size for shorter pieces of the fiber was observed as expected. Images demonstrating propagation of light in the hexagonal lattice hollow-core PBG fibers are presented in Fig. 19 . For the single hollow core fiber (Fig. 17b, Fig. 19a ) photonic bandgap existance and guidence of light in range 560-670 nm is clearly observable. Measurements of transmission for the fiber B (shown in Fig. 17b , length 103 cm) are presented in Fig. 20 . Measured attenuation of this fiber was 2.1 dB/m what is far below glass attenuation (about 15 dB/m). In the case of double hollow core fiber (Figs. 17c, 19b ) a wide, photonic bandgap exists in the range of 595-750 nm. Transmission measurements for each core individually are shown in Fig. 21 [18] . Figure 19c shows propagation of green light (incident light was white) in a hollow core of a 235 µm PBG fiber. Central air-hole diameter is 16 µm, structure air-hole diameters are 5.5 µm, relative hole size is for this fiber is d/Λ = 0.9. Details of designing of these fibers and related numerical modeling was summarized in [17] . Solid core (all glass) PBG fibers. Several designs of allglass PBG fibers have been developed and fabricated at ITME. Figure 22 presents a selected example of a solid core PBG fiber fabricated at our Institute. The fiber was drawn from two glasses: F2 (Schott) as the high index (1.62) and NC21 (ITME melted) as the low index (1.53) glass. Core was created by 7 rods of the low index glass. Figure 23 shows propagation of white light in this fiber and corresponding transmission spectrum, reveals two photonic bandgaps: one 9 nm wide with central wavelength at 610 nm and second 80 nm wide centered at a wavelength of 860 nm (Fig. 24) . Attenuation of this fiber was 13.3 dB/m measured for λ = 835 nm (core glass attenuation was 8.2 dB/m) [19] . 
Photonic crystal fibers with double lattice (air holes and microfibers).
Stack-and-draw method allows fabrication of soft glass photonic crystal fibers with more complicated designs, than summarized in previous sections. A double-lattice PCF was proposed in [20] , which consisted of a lattice of airholes with superimposed lattice formed by inclusions from a second, higher-index glass. Introduction of such inclusions required the second glass to be thermally matched to the main glass forming the fiber's structure. Joint thermal processing of two-glass structure opens up new possibilities in designing of optical properties of a PCF and will be discussed in more detail in a following section of this paper. Design and subpreform of the PCF proposed in [20] is shown in Fig. 25 . It had a 17×17 square air-hole lattice, with a superimposed lattice of 16x16 inclusions and a solid central core, obtained by replacement of one capillary with a glass rod. Additional glass rods with n D = 1.619 (Schott's F2 glass) and diameter adjusted to obtain 300-400 nm diameter in the final fiber, were used. Refractive index of the primary glass of fiber's structure was n D = 1.518 (in-house synthesized glass). The final fiber is shown in SEM images in Fig. 26 . Fiber diameter was about 140 µm, lattice constant 2.2 µm, diameter of air-holes was 1.4 µm, core diameter 3 µm, diameters of inclusions was 320 nm. Lattice of inclusions can be observed in the SEM in Fig. 26 . The photonic structure has only small deformations but they are located away from the fiber's central area with the core, Fig. 26 . The defect seen in Fig. 25 do not influence global guiding properties of the fiber. Guiding of white light was recorded experimentally in this fiber together with selective (red to blue depend on fiber's diameter) guiding in microfibers. Also a band gap effect has been identified in the fiber containing only microfibers square lattice, Fig. 27 . Another PCF with hollow core has been designed as square, 17×17 air-hole lattice with a superimposed 16x16 solid inclusion lattice (inclusions located between capillaries). Refractive index of inclusions was n D = 1.609 (zirconium silicate glass, synthesized at ITME). The primary glass was a sodium-calcium silicate glass with n D = 1.52. Hollow core was arranged by removal 9 (3×3) capillaries. Structure design, drawn subpreform and an image with close-up of its structure with visible inclusions is presented in Fig. 28 . PCFs enable unique advantages for SG in terms of dispersion engineering, so that the dispersion profile of the fiber, critical to efficiency of the nonlinear broadening process, can be used to fabricate PCFs with zero-dispersion wavelength matched to highly efficient laser pump sources [22] . Of particular interest in the recent years are glasses which enable mid-infrared transmission -SG up to around 4-5 µm has been reported eg. tellurite glass suspended core photonic crystal fiber [23] , chalcogenide glass fiber [24] and various fluoride step-index fibers [25] . Our group develops nonlinear PCFs from heavy metal oxide glasses of the TeO 2 -WO 3 -(Na 2 O+Nb 2 O 5 ) and SiO 2 -PbOBi 2 O 3 -Ga 2 O 3 -CdO systems (designated TWPN/I/6 and PBG-08 respectively). Both glasses combine advantages of broad transmission window from the visible to the mid-infrared around 5 µm, high value of nonlinear refractive index n 2 and high resistance to recrystallization. Transmittance spectra of both glass systems are shown in Fig. 30 together with one of Schott's soft glasses characteristic for reference. Recently three PCFs designs were demonstrated, which enabled SG covering the entire near-infrared spectrum up to around 2.5-2.7 µm. Presently, onset of OH absorption at around 2.8 µm prohibits further redshift of spectra. Since this is not the multiphonon absorption edge of these glasses, enhancements in glass synthesis technology should enable to overcome this problem. Two PCFs were designed with a regular, hexagonal lattice of air-holes and one with suspended core lattice. The first fiber, drawn from tellurite glass TWPN/I/6, is shown with guided mode in Fig. 31a . It has 120 µm outer diameter. The hexagonal photonic structure is 23 µm in diagonal, the lattice constant is Λ = 2 µm, linear filling factor d/Λ = 0.75 µm, and a solid core has 2.7 µm diameter. Fiber core has a very regular, circular geometry, which should result in negligible birefringence. Calculated birefringence of this fiber was below 10 −6 . Dispersion profile of the fiber shown in Fig. 31b , calculated from SEM image of the drawn fiber, has ZDW at 1410 nm and 4236 nm with a maximum of 193 ps/nm/km at 2800 nm. Calculated effective mode area at pump wavelength was 3.0 µm 2 . For a measured nonlinear refractive index of our glass n 2 = 18 × 10-20 m 2 /W, this value yields non- Fig. 31c . The measured spectra were stable and fluctuated only with input laser intensity variations. All spectra were recorded in only 2 cm long PCF sample [26] . The second fiber was drawn from the PBG-08 glass and had a suspended core photonic structure, in which the central core (1.2 µm id diameter) area was surrounded by three large airholes, as shown in SEM images in Fig. 32a . Thickness of the supporting struts was about 290 nm. Dispersion profile, calculated for the fiber using real fiber structure revealed zero dispersion wavelength located over 1600 nm, which precluded efficient pumping on the anomalous side of the ZDW with disposed pump sources operating at around 1550 nm. Nevertheless, experimentally recorded supercontinuum spectrum -shown in Fig. 32b -under The third fiber, drawn also from PBG-08 glass, had a regular, hexagonal photonic crystal lattice, shown on SEM images in Fig. 33a . The lattice consisted of 8 rings of air holes with a lattice constant typically at Λ = 2.4 µm and relative hole size d/Λ = 0.73 in the first ring and d/Λ = 0.5 in the remaining seven rings. Relative hole size of the outer rings is decreased in order to increase modal losses of the higher order modes We verified numerically, that the fiber should be guiding the fundamental mode with negligible modal loss, and just a few higher order modes with significantly increased modal losses. We also measured near-filed output profile of the PCF, which was very close to pure Gaussian. Based on this, we consider the fiber to be effectively single mode. The diameter of the core of the PCF is 3.1 µm with a photonic cladding diameter of 39.4 µm. The total fiber diameter was 159.8 µm. Dispersion of the fiber was calculated using SEM image of the fiber structure and verified experimentally (unbalanced Mach-Zehnder interferometer setup) and location of zero dispersion wavelength was confirmed at around 1465 nm, Fig. 33b . As the pump source, a robust setup of an erbium fiber laser has been used, in which sub-ps pump pulses at 1550 nm were obtained by means of passive mode-locking with either nonlinear polarization rotator or graphene-based saturable absorber [28] . Supercontinuum spectra, shown for different input pulse energies in Fig. 33c , spanned the wavelength range from 800 nm to over 2400 nm, which was the limit of our measurement setup at that experiment.
4.8. All-solid glass photonic crystal fibers with flattened all-normal dispersion profile. Majority of research in SG is focused on obtaining the widest spectral bandwidth possible. The straightforward method for that is using a highly nonlinear PCF as the nonlinear medium, and a pump source operating at a wavelength close to the zero dispersion point on its anomalous dispersion side. Spectral broadening is then based on very efficient soliton-based dynamics and multi-octave spanning spectra have been reported in setups working in this regime [23] [24] [25] . The down side of soliton-based supercontinuum spectra are however their high susceptibility to laser shot noise, and low temporal stability [29] . An alternative approach to SG is exploiting broadening in the normal dispersion range of wavelengths, which precludes soliton formation and results in very stable and coherent broadening, albeit at a cost of bandwidth. Another important issue to address is the necessity to provide a nonlinear medium with a flattened normal dispersion profile, preferably with a local maxium at around intended pump wavelength. Using expertise in thermal matching of different glasses for structured fiber optic components, we recently demonstrated all-solid photonic crystal fibers with photonic lattice made of two types of thermally compatible glasses with different refractive indices and different dispersion profiles. Dispersion engineering in such structures is enabled with an additional degree of freedom against air-hole PCFs, since dispersion profile can be shaped not only by waveguide dispersion determined by the photonic microstructure, but also by resulting material dispersion of the two used glasses. All-solid PCFs with flattened, normal dispersion profiles optimized for SG pumping with wavelengths from the range of 1300-1600 nm have been recently reported by our group [30] . With a fiber from this series, shown in Fig. 34a , SG pumped with 120 fs pulses centered at 1360 nm (OPA) has been recorded covering spectral range of 900-1900 nm - Fig. 34c , [31] . The fiber was drawn from capillaries made of N-F2 glass and with central N-F2 rod for the core. The capillaries were filled with NC21 glass rods and the whole structure was inserted into an NC21 glass tube. Circular elements of the preform attained hexagonal shape during drawing. The drawn fiber had 137 µm in diameter, hexagonal photonic lattice was 35 µm in diagonal, capillary diagonal was d = 2.1 µm and lattice constant of Λ = 2.3 µm with resulting relative capillary size of d/Λ = 0.91. Solid N-F2 core had about 2.5 µm diameter. The dispersion characteristic of the fiber, calculated is shown in Fig. 34b along with SEM image of drawn fiber structure used for calculation. The dispersion profile was measured up to around 1700 nm. Both results are in good agreement, with small discrepancy for longer wavelengths, which can be assigned to diffusion of glasses in an Stack and draw fabrication of soft glass microstructured fiber optics all-solid photonic structure. Another important advantage of all-solid PCFs for supercontinuum generation, demonstrated very recently [32] is that they can be spliced with relatively small losses, which creates a high potential for designing of efficient and robust all-fiber sources of coherent, broadband radiation. 
Conclusions
The stack-and-draw method, combined with recrystallization resistant glass synthesis technology, enables fabrication of a breadth of high quality microstructured fiber optic components, encompassing, but not limited to classic image guides, photonic crystal fibers and photonic bandgap fibers.
The disposed state-of-the-art in structured fiber optics drawing technology enables designing and fabricating new types of microstructured fibers with complicated, asymmetric refractive index profiles, high nonlinearities or high birefringence, large mode areas or broadband, flattened dispersion profiles. Specialty structured fibers containing containing conducting, semiconductive, magnetostrictive elements, or metamaterials (with controlled permittivity and permeability, containing metal nanowires) are also investigated.
